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1. Introduction

An energized electric power cable generates low-frequency electric and magnetic
fields that are related to the voltages and currents. Especially at wavelengths A>>d,
where d is the distance away from an energized conductor and A is the signal
wavelength, we can extract electrical information with quasi-static near-field
electric and magnetic field theory and the Principle of Superposition.

Fig. 1  Standard experimental setup for measuring magnetic and electric fields emitted by
and energized cable with an attached load. Blue circle represents a B-field sensor, gray plate
represents an E-field (charge) sensor.

Coulomb’s and Biot-Savart Laws, respectively, relate the electric and magnetic
fields to the voltage V and current | on a single straight energized wire:

2 _ PV 4
E= go2md Ar (1)
B = ﬁa(p (2)

where uo and €o are magnetic permeability and electric permittivity constants, p is
the surface charge density on the wire, and a, and ar are vectors pointing in the
direction of the field in cylindrical coordinates. Superposition principles are used
with Coulomb and Biot-Savart Laws in multi-wire configurations (i.e., 3-phase
power cables). The boundary element method or electromagnetic models are
typically used to solve for p(V), which changes minimally along the length of the
wire at quasi-static frequencies.'

There are many commercial-off-the-shelf (COTS) and Government-off-the-shelf
(GOTS) sensors for making non-contact electric- and magnetic-field
measurements. The electric-field (E-field) sensing team at ARL has previously
characterized several E-field sensors, including SAIC Steered-Electron Electric-
Field (SEEF) sensor, Srico optical sensor, Plessey EPIC sensors, QUASAR non-
contact capacitive “dime” sensors, QFS 3-axis low-frequency (LF) E-field sensors,
and the University North Carolina Charlotte (UNCC) custom E-field sensor.” These



sensors have produced good results,® but do not include real-time programming
abilities for signal conditioning. Furthermore there are no COTS or GOTS 1Wire
compatible electric- and magnetic-field sensors. Therefore, there is a need for
integrated multimodal (electric- and magnetic-field) programmable sensors that are
specifically designed for sensing the fields near energized cables. ARL’s
multimodal D-dot (MD-dot) sensor addresses these needs, and additionally has
“smart” features that adjust integrated circuits (ICs) on the sensor during start-up
based upon the electrical characteristics of the attached cable.

2. Methods and Procedures

The circuit’s primary design consists of a microcontroller, 8-channel digital-to-
analog converter (DAC), variable gain chips, differential operational amplifiers,
and E-field and B-field sensors. These components work together to form an
interface that allows both onboard and external programming of the sensor, all
while measuring electric and magnetic fields. Their connections are summarized in
Fig. 2.

Fig.2  Block diagram showing the high-level architecture of the MD-dot

The circuit works in the following manner to set its own gain voltage and offset
voltage, resulting in optimized output signal characteristics:

1. Microcontroller reads ferroelectric random-access memory (FRAM) for
current DAC output on 1 of its 8 channels.



2. Microcontroller changes digital value for 1 of 8 DAC channels by serial
peripheral interface (SPI) protocol (green).

3. DAC sets corresponding analog output voltage to desired variable circuit
input (red).

4. Variable gain and/or variable offset stage outputs reflect changes (thick
blue).

5. Output signal is measured by microcontroller’s analog-to-digital converters
(ADCs) (thin blue).

6. Microcontroller increases or decreases (repeat 1-5) DAC setting, or keeps
DAC setting based on ADC measurement and stores in FRAM

2.1 Sensors

The magnetic field is measured by MLX91205 Hall effect sensors.* We use three
I-dimensional Hall effect sensors arranged in a line across an energized power
cable to measure the magnetic field at 3 spatially diverse locations. These sensors
can give an accurate measurement of a +/—10 mT magnetic field in the azimuthal
direction. The MLX91205 output voltage is linear with magnetic-field strength up
to a maximum chip output of 50-mV amplitude; therefore, we can compute the
magnetic sensitivity € for the sensor:

Vou 14

N = Tt = 5; 3)
The electric field is measured by a small D-dot sensor. The principle of operation
for D-dot sensors is charge induction between a grounded electrode and an
energized cable; the operational details of operation can be found elsewhere.® The
sensing electrode for the MD-dot is the area inside the yellow outlined region of
Fig. 3. The copper-outlined region, along with a mimicked layer directly
underneath the layer shown, act as a shield driven at 1.65 V. The shield results in
minimal sensing electrode capacitance with field sources in unwanted directions
(not parallel to and below the sensing electrode), therefore less noise and greater
directionality in our measurement.



Fig. 3  Front (left) and back (right) sides of an MD-dot circuit board. Our D-dot sensing
electrode is highlighted in yellow and is made out of an isolated piece of copper on the PCB.

The area of the D-dot electrode is ~243 mm?. The output current from the D-dot
sensing electrode connected to a differentiator given by

. dQ dE. .

ippor = o, = eAeffd—tZ = weherrEzosin(wt + @) 4)
where ¢ is the free space permittivity, o is frequency, ¢ is the E-field phase, E,q is
the amplitude of the electric field, and Aeff 1s the effective area of the D-dot plate
i.e., 243 mm times an enhancement factor. This enhancement factor approximately
equals 1 in our design; however, enhancement factors have been demonstrated as

high as 8.° The D-dot current i is fed into a transimpedance amplifier with a gain of
1 %. The final output of the D-dot sensors is

Vppor = 1000ippor = BwEq sin(wt + @) ®)

where we have used ippor from Eq. 4 and introduced a constant £ equal to
1000&A, s, which represents a frequency-independent transducer gain. We now
have a relationship constant for reverse-calculating the electric field E (neglecting
phase differences):

- v
Bo = B = (2151070 - — (6)

where f is presented in physically-meaningful units.



2.2 Variable Gain and Offset Stage

The differential output currents of all MLX91205 Hall effect sensors and the D-dot
sensor are connected to a variable gain AD8338 chip. This chip can change gain
magnitude across an 80-dB (1-10000 times) range depending on a supplied gain
voltage Vg. The AD8338 chip and associated resistors and capacitors make up the
Fig. 2’s “variable gain circuit.”

The DC offset of the output signal is slightly dependent on both the input DC offset
and Vg, so we can ensure a DC offset at 1.65 V with a LTC1992-2 differential
operational amplifier immediately following the AD8338 chip. The LTC1992-2
common-mode voltage (Vcm) pin(s) connected are different channels on an
ADS5668 8-channel 16-bit DAC.” We can therefore vary the voltage on each of Veum
pins, thereby the DC offset of LTC1992-2 output. The LTC1992-2 and associated
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capacitors make Fig. 2’s “variable offset circuit.”

2.3 Embedded System Integration

The Texas Instruments (TT) MSP430FR5739 microcontroller acts as the master for
SPI and simulated 1Wire devices on the MD-dot, but as a slave 1Wire device for
the ARL Real-Time Electric and Magnetic Integrated Sensor (ARTEMIS). This
microcontroller was programmed with Code Composer Studio (CCS) 6.0.0
software to run at 16 MHz for minimal power consumption while still falling within
1 Wire protocol timing restrictions. The MSP430 pins are designated for 5 primary
purposes:

1) SPI communication: 3 pins for serial clock (SLCK), master output to salve
input (MOSI) (which we use to program each output DAC channel for
variable gain and offset voltages), and master input to slave output (MISO).
These lines connect directly to AD5668 chip to control the analog output
voltage on each of its 8 output channels.

2) Universal asynchronous receiver/transmitter (UART) communication:
2 pins for communication with UART devices, available as jumpers on the
board to allow external interfacing. These pins are not used for normal
operation of the integrated D-dot, but can be used for onsite programming
when a 1Wire master is not available.

3) 1Wire communication: 3 pins are designed for compatibility with 1Wire
communication protocol. One pin is used for the 1 Wire communication line,
and 2 other pins are for “test” and “reset.” These 3 pins are connected to
jumpers for sensor software updates.



4) Self-Calibration: 4 pins (FBADCx Fig. 4) are designated as inputs to 10-bit
ADCs with our 4 differential output signals as inputs. The MSP430 uses
these pins to measure the output signal and adjust the variable gains and
offsets, specifically so the output signal occupies a desired percentage of
any DAQ’s input range.

5) Experimental Error Detection: 4 pins are connected to a light-emitting diode
(LED) array. Depending on the unique experimental or user-driven
demands, these are programmed to light-up to indicate specific errors at
start-up or during a long-term test.

Fig.4  Altium Designer™ schematic showing the pin connections of our MSP430
microcontroller

2.4 1Wire Interfacing

The author of this paper has successfully developed 1Wire Code Composer Studio
(CCS) software compatible with the TI’s MSP430 microcontroller line and 1Wire
protocol.® The ability to read, write, and communicate with arbitrary 1Wire masters
was established. The software has capabilities to emulate the DS2408 and
DS24B33 (1Wire 8-channel switch and 1Wire electrically erasable programmable
read-only memory [EEPROM]) slave devices produced by MAXIM, both of which
are required with ARTEMIS’ specialized 1Wire protocol.

The MD-dot has been designed to be compatible with a standard 14-pin LEMO®
cable to connect to analog sensors. 11 of the 14 pins are designated and currently
used for 4 differential signals, power, analog ground, and 1Wire communication.



Other pins are designated for ground and D-dot electrode shielding control,
however, are not used for the purposes of this report.

3. Results and Discussion

3.1 Variable Gain and Offset Characterization

In order to characterize the performance of the circuit, one must determine the input
and output signal magnitudes for an array of gain voltages and offset values. This
is done through the use of state-of-the-art LABVIEW and CCS programs developed
in-laboratory, along with an N19239 24-bit ADC. The software is explained at the
top-level due to complexity and rigorousness.

Fig.5 Experimental setup for measuring the linearity and accuracy of variable stage
components

A specialized LABVIEW VI sends 1Wire function commands to the MSP430
through a DS9490R 1Wire master device (Fig. 6). The 1Wire “function commands”
step through an array of “N” variable gain or “M” offset voltages, while a N19239
DAQ simultaneously measures the inputs and outputs of the complete variable
stage. Each measurement is logged and output to a formatted Excel file. At our
chosen testing frequencies (<200 Hz), the variable gain input signal is attenuated
<1% due to impedances of the NI9239; this knowledge can be used for post-
processing data.
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Fig.6  Front panel of custom LABVIEW program for gain/offset characterization. Here 1
of the Hall effect sensor outputs (in dropdown box) for this measurement has been selected.

Figure 7 is a snippet of the measurement results for characterizing the MLX91205
variable gains and offsets with Nx1 and Mx1 matrices, as mentioned earlier. The
data from these Excel files can be used to back-calculate the MLX91205 or D-dot
sensor’s output for any programmed gain or offset (variable stage is same for both
sensor types), and therefore, the magnitude of the magnetic and electric fields at
our sensor are given by Egs. 3 and 6. We note that our offset voltage is noticeably
lower than the programmed voltage by greater than 200 mV; this is expected when
the input DC offset differs from the desired offset.



1 |DAC Setting DAC Voltage 60Hz FFTgain 1 |DAC Setting Programmed Offset Actual Offset
2 &000 0.457764  5092.124283 2 21000 1.602173 1.373248
3 6100 0.465393 4362.59267 3 21200 1.617432 1.38551
4 6200 0.473022  4593.144842 4 21400 1.63269 1.399294
5 6300 0.480652  4339.549022 5 21600 1.647949 1.409428
& 6400 0.488281  4144,847709 © 21800 1.663208 1.42343
7 6500 0.495311  3946.281511 7 22000 1.678467 1.439266
8 6600 0.50354  3722.649568 & 22200 1.693726 1.443081
9 6700 0.511169  3526.414926 9 22400 1.708984 1.459201
10 6300 0.518799  3336.030223 10 22600 1.724243 1.472795
11 6900 0.526428  3170.166164 11 22800 1.739502 1.484086
12 7000 0.534058  2993.830624 12 23000 1.754761 1.497399
13 7100 0.541687 2846.01867 13 23200 1.77002 1511193
14 7200 0.549316  2688.433895 14 23400 1.785273 1.523542
15 7300 0.556946  2556.979426 15 23600 1.800537 1.538696
16 7400 0.564575  2419.144756 16 23800 1.815796 1.549578
17 7500 0.572205 2299.048451 17 24000 1.831055 1.565082
18 7600 0.579834  2170.722472 18 24200 1.846313 1.576122
19 7700 0.587463  2069.399379 19 24400 1.861572 1.587304
20 7800 0.595093  1972.239655 20 24600 1.876831 1.597977
21 7900 0.602722  1871.586178 21 24300 1.85209 1.613321

Fig. 7  Excel outputs generated by our LABVIEW test script to develop relationships
between the DAC setting (AD5668) and circuit output. Results are only shown for 20 DAC
settings to avoid redundancy.

This gain characterization allows us to correlate a volt per volt (V/V) gain with
DAC values. With this information characterized, we can derive electric field
magnitude of our source:

_ Vout

IE] = BwGpac )
_ Vout

Bl = e ®)

where Gpac refers to the V/V gain value correlated to the programmed DAC value.
Gpac is also readable in real-time with the ARTEMIS or a generic 1 Wire master.

3.2 Digital Noise

We are interested in determining our E-field sensor’s susceptibility to digital noise
caused by capacitive coupling with onboard communication lines, which occurs
during real-time gain and offset adjustments. In order to complete this
measurement, the microcontroller was programmed to write “01” indefinitely on
the 1Wire line. This line is used as the reference input to a Signal Recovery
DSP7270 lock-in amplifier. Using any of the 8 MD-dot’s single-ended outputs with
the lock-in amplifier, one can measure the digital noise on the output signals.
However, I perform this test with an output line from the E-field sensor for worst-
case scenario analysis: the most digital noise will appear on this line due to the



board layout (sensing electrode closest to 1Wire line) and sensor size
(AD-dot > ALMX91205).

Here the digital noise is found to be 13 uVpk, 80-110 dB below the typical output
signal magnitude. On typical 16- and 24-bit data recorders, this results in 0—6 least
significant bits of data being susceptible to corruption from digital noise.

3.3 Frequency Response

An ideal D-dot sensor would produce a linear frequency response over the region
of interest, meaning the integrated sensor output will be flat for all frequencies
(integration in frequency domain is performed by dividing the output by 2zf).
Figure 8 shows the original and integrated sensor outputs to electric fields with
frequencies 10 Hz—10k Hz and magnitudes 0.357-3.571 V/m. Our sensor was set
to the maximum gain value for this test, since our generated electric-field
magnitudes are toward the bottom of our sensor’s dynamic range.

Fig. 8  Frequency response four the D-dot sensor with 80-dB on-chip gain, with additional
40-dB gain applied at the output to reduce effects of environmental noise

One can observe that the integrated response of the sensor is approximately flat for
50-800 Hz frequencies at 3.571 V/m field strength. The low sensor output at low
frequencies has a signal-to-noise ratio (SNR) near 1, which distorts lower frequency
measurements, and the trans-impedance amplifier’s circuitry gives the roll-off
beginning at 600 Hz.

Our approximate dynamic range can also be determined from our frequency
response. Regardless of programmed gain voltage, the output stage of the MD-dot
has a maximum amplitude of 3.3 V with 1.65 V DC offset. A 3.57-V/m field,
80-dB on-chip programmed gain, and 40-dB off-chip gain results in an output
maximum of ~0.7 V as shown above. With variable gain lowered to 0 dB and off-
chip gain removed, the MD-dot should be able to detect electric fields on the order

10



of MV/m. Putting together this information, we find the dynamic range (with 0.2-s
fast Fourier transform [FFT] sampling time at 50 kS/s) is approximately 128 dB.

Although I did not have a comparable characterization system for the Hall effect
sensors, the datasheet information on the MLX91205 gives a dynamic range of 66
to 96 dB for frequencies of 10 Hz and 10 kHz, respectively.* For magnetic-field
strengths, the field-referred dynamic range is 25 pT-25 mT (10 Hz) or 79 nT-
25 mT (10 kHz).

3.4 Field-Referred Noise Spectral Density

To get an idea of the minimum detectable electric field for this sensor under near-
ideal conditions, a 10-s FFT was performed on the sensor with both endplates of
the E-field cage grounded. The frequency response graph above is used to
determine a constant value C to relate the E-field magnitude to the output voltage,
and found to be 0.46 mV/{V/m}. By measuring the output voltage noise floor of
the sensor and dividing all frequencies by C, a noise floor can be found in terms of
E-field magnitude called the field-referred noise spectral density (FRNSD). One
can also divide the voltage noise floor for this measurement system by the end-plate
separation distance to find the FRNSD of our test hardware (Fig. 9, red and green
lines).

Field-referred Noise Spectral Density for DDOT

0dB
Sensor raw
Amplifier
Grounded ADC
-40dB

-80dB |

Amplitude ( |Erms| / sqrt(Hz))

-120dB ‘“w. h. |

-160dB

i AR i el Amhi.lij

10 100 1k 10k
Freq (Hz)

Fig.9  Electric-field referred noise floor for our MD-dot sensor, with —60 to -85 dB field
magnitude for f<800 Hz
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The noise floor measured is significantly lower than in the frequency response
plots; however, it can attributed to 2 main factors: a 50 times longer measurement
time and additional white noise amplification by D-dot operating principle:

e For 0-mean identically and independently distributed Gaussian white noise
(ITDGWN), the noise floor will decrease proportional to the square root of
the measurement length, so our longer sample length will reduce noise floor
by sqrt(50) or ~17 dB’? compared to frequency response measurements

e Noise is amplified immediately after the sensing electrode proportional to
its frequency: the flat-band IIDGWN is amplified by 20-80 dB in this
testing bandwidth. The noise is now proportional to the square root of
measurement length times the frequency, so the noise floor is reduced
sqrt(500) — sqrt(500000) or 27—57 dB with the 10-s FFT length.

Our noise floor is shaped as expected for D-dot sensor, including visible effects
from both 1/f noise and our 1-kHz low-pass filter. One can use our C value and
integrate the FRNSD (multiply by 2zf) to determine the voltage noise spectral
density is primarily between 10s of uV and a single mV. These low voltages
transferred in Bayonet Neill-Concelman (BNC) cables for our measurement are
susceptible to noise and inhibit testing of this sensor below 1-V/m E-fields.

4. Conclusions

A small, programmable circuit capable of simultaneous electric- and magnetic-field
measurements has been successfully developed. Low digital noise, over 120 dB of
dynamic range, and a noise floor under ideal conditions to be less than or equal to
hundreds of microvolts per meter have all been demonstrated. The sensor’s
dynamic and real-time programming capabilities were also confirmed by
characterizing the offset and gain of the chip across a wide range of values with
LABVIEW software and a 1 Wire master device. To my knowledge, this is the first
successful demonstration of a 1Wire compatible electric- and magnetic-field
sensor. The sensor has been successfully demonstrated in continuous power-
monitoring of a multi-conductor cable in a laboratory setting.'”
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integrated circuit

independently distributed Gaussian white noise
light-emitting diode

low-frequency

master input to slave output

master output to salve input

printed circuit board

electric charge

Steered-Electron Electric-Field
serial clock

signal-to-noise ratio
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SPI

TI
UART
UNCC
VI

serial peripheral interface

Texas Instruments

universal asynchronous receiver/transmitter
University North Carolina Charlotte

Visual Instrument

micro-, meaning 10~® times whatever terms proceeds it
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